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Abstract
We present direct mass measurements of the short-lived 44V, 48Mn, 41Ti and 45Cr nuclei. A novel experimental method has
been used that is based on projectile fragmentation, in-flight separation of relativistic heavy ions with the fragment separator
(FRS), and on isochronous operation of the experimental storage ring (ESR). A mass resolving power of 110 000 (FWHM)
and an accuracy of about (100–500) keV has been achieved. The impact of the present results on the rp-process in X-ray burst
models is discussed.
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Open access under CC BY license.The masses of nuclides far-off stability play a cru-
cial role in the understanding of nuclear structure and
for astrophysical models. However, experimental mass
data for such nuclides are scarce [1] due to the small
production cross sections and short half-lives. Alter-
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Results of isochronous mass measurements at FRS-ESR
Nuclide Half-life Mass excess
[ms] [keV]
48Mn 158 −29 320±110
44V 104 −23 980+80−380
41Ti 80 −15 090±360
45Cr 50 −18 940+500−600
natively, the use of theoretical mass models for such
exotic nuclides gives unsatisfactory results, since the
predictions of various models differ by up to several
MeV (see, e.g., Refs. [2,3]). However, many astro-
physical rapid proton capture (rp) process calculations
need mass values accurate to about 100 keV [4–8].
Thus, new reliable experimental data play an impor-
tant role as direct input to such calculations as well as
for refining the underlying mass models. In the follow-
ing, we present the first results obtained with a novel
method for direct mass measurements of the short-
lived nuclides 44V, 48Mn, 41Ti and 45Cr, see Table 1.
We discuss the impact of these new data on the un-
derstanding of the rp-process in astrophysical X-ray
bursts.
Exotic nuclei were produced by projectile fragmen-
tation of a (445.3–461.8) MeV/u 84Kr primary beam
in a 2.5 g/cm2 beryllium target placed at the entrance
of the fragment separator (FRS) [9] at GSI. The frag-
ments, which emerged mainly fully ionized from the
production target, were separated with the FRS us-
ing the Bρ–E–Bρ method [9] and injected into the
experimental storage ring (ESR) [10]. Relatively thin
energy degraders (81–270 mg/cm2 aluminum) were
used at the central focal plane of the FRS in order
to suppress abundant contaminants. The energy of the
primary beam was chosen such that the desired frag-
ments had a mean energy of 344.7 MeV/u at the en-
trance of the ESR [10], corresponding to a Lorentz fac-
tor γ = 1.370, in order to fulfill the isochronous con-
dition (see below).
The injected ions circulated in the ESR with a
revolution time of about 529 ns. The revolution time,
t , of a stored fragment is related to its mass-to-charge















,twhere γ = 1/√1− β2 is the Lorentz factor of the par-
ticle and γt denotes the transition point of the stor-
age ring [11]. The ESR was operated in the isochro-
nous mode [12–14] which is characterized by a tran-
sition point γt = 1.370 and, hence, the isochronous
condition γ = γt is fulfilled. This matches the vari-
ation of velocity and orbit length in such a way as
to balance the effects on the revolution time. The last
term in Eq. (1) is eliminated by this condition. Thus,
the revolution time becomes proportional to the par-
ticle’s mass-to-charge ratio independent of its veloc-
ity. Compared to the operation of the ring in stan-
dard mode [15] the injection’s momentum acceptance
is lowered from ±0.3% to about ±0.1% by operating
the ESR at the transition point.
The revolution time was measured using a second-
ary-electron detector [16,17]. The circulating ions
penetrated a carbon foil (17 µg/cm2) coated with
CsI [18] at each revolution and released secondary
electrons. These electrons are multiplied in micro
channel plates and generate pulses [19] with about 1 ns
rise time. The detection efficiency was estimated to
be 40% which leads to a pulse rate of about 1 MHz
for each single particle. The signals of both detector
branches, created by the electrons released from both
sides of the foil, were digitized with a sampling rate
of 4 GS/s each for a duration of typically 200 µs,
and the signals were recorded on hard disk. This
measurement time corresponds to ≈ 400 turns of the
ions in the ESR. The maximum number of observed
revolutions was approximately 3500. To be able to
distinguish the individual ions in the off-line analysis
the number of stored particles was limited to  10 per
injection.
For each pulse its time-stamp has been extracted
with a typical statistical uncertainty of 50 ps by
analyzing the leading slope of the pulse. An additional
uncertainty of 70 ps is attributed to the intrinsic
time jitter of the detector, which was estimated by
measuring the time jitter between the two detector
branches. The time stamps have been assigned to
individual ions by utilizing the periodicity of their
appearance. For each individual particle the revolution
time has been determined by a fit of these time stamps
as a function of the number of revolutions. Ideally
these functions should be linear, but due to the energy
loss in the detector foil significant deviations from
linearity have been observed. Hence, polynomials up
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part of the spectrum (a) containing the nuclides used to determine the unknown mass of 48Mn. Peaks labeled with light letters are identified but
not used as reference masses (see text).to third order have been used as fit functions. In
order to minimize the effect of these perturbations the
revolution time was extracted from the slope at the first
time stamp of the respective particle. The individual
particle revolution time has been determined with
a precision of ≈ 0.6 ps, corresponding to δt/t =
1.1× 10−6. Only a few ten µs measurement time are
sufficient to reach this precision [17]. The revolution
times of the ions from many injections have been
collected in a histogram (see Fig. 1).
The isochronous condition is only fulfilled for ions
in a limited velocity range. For those ions, which
are outside of this velocity range, the revolution time
changes during the storage time due to their energy
loss in the detector foil. This behavior is revealed
in the analysis by a large second-order fit parameter.
Therefore, ions having a second-order parameter in
excess of an absolute value of 2×10−5 ns (per turns2)
have been rejected from this analysis. Particles for
which no significant second-order fit parameter can
be determined have been rejected as well, since in
this case, it cannot be judged whether or not theisochronous condition is fulfilled. This was mostly the
case for ions which were stored for a few turns only. In
this way a mass resolving power of m/δm(FWHM)=
110 000 has been achieved.
For each peak in the revolution time spectrum
the mean revolution time has been calculated. The
corresponding ion identification has been performed
using a computer assisted pattern recognition method
employing the mass values from Ref. [1].
The isochronous mass spectrometry has the big ad-
vantage that a large mass-over-charge range is mea-
sured simultaneously as demonstrated in Fig. 1. This
feature allows to measure unknown masses with suit-
able reference nuclei in the same spectrum. The iso-
tope composition and the relative abundances of the
stored nuclei can be varied by using different degrader
thicknesses and different magnetic rigidity settings of
FRS and ESR. In the present experiment we used two
settings, which were optimized for the measurement
of nuclei with N =Z− 2 and N =Z− 3, where N is
the neutron number and Z is the atomic number of a
nuclide.
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outermost lines in Fig. 1 no mass value has been determined due to the lack of calibrants on both sides.In the first setting (N =Z−2) the goal was to mea-
sure the unknown mass of 48Mn. The corresponding
spectrum is shown in Fig. 1. That part of the spec-
trum, which was used to obtain the unknown mass
value is shown in the lower panel of the figure. The
nuclei indicated by bold letters were used as refer-
ence masses. Those nuclei which had insufficient sta-
tistics or possible unresolved isomeric states were ex-
cluded from the calibration. We have determined the
mass value using a second-order polynomial for m/q
as a function of the revolution frequency. Since all
observed fragments were fully ionized we have ac-
counted for the missing electrons and their binding
energy [20]. As a consistency check of the evaluation
procedure we have determined all reference masses in
the same way. The results are shown in Fig. 2. Note
that 40Sc and 49Mn are omitted because their mass de-
termination would require extrapolation of the fit func-
tion which might introduce additional systematic un-
certainties. Our results show excellent agreement with
the data of the atomic mass evaluation [1] for all previ-
ously known masses. The nuclei with better statistics
such as 39Ca, 41Sc, 45V and 47Cr agree within about
50 keV with the literature values. The new mass value
(mass excess = (−29310 ± 120) keV) for 48Mn de-
viates by about 300 keV from the extrapolated value
given in Ref. [1].
The unique feature of the isochronous mass spec-
trometry is the access to very short lived nuclei with
half-lifes of the order of a few µs. This is manifestedin the mass measurement of 43Ti which has an iso-
meric state with a half-life of 12.6 µs and an excitation
energy of (313± 1) keV [21]. Although the resolution
achieved to date is not sufficient to separate isomeric
and ground state, we clearly observed the two contri-
butions by a shifted and broader revolution-time dis-
tribution.
In the second setting (N = Z − 3) we measured
the previously unknown masses of 44V, 41Ti and 45Cr.
Furthermore, in this setting, we obtained a second
value for 48Mn with only three particles, yielding
a mass excess of (−29380 ± 270) keV. The latter
value is in excellent agreement with our first result.
A mean value of both measurements is given in
Table 1. In this setting a different set of nuclides
(40Sc, 42Ti, 46Cr, 35Ar, 37K, 39Ca and 41Sc) has been
used for calibration. From the same fit we have also
obtained a mass value for 44V. This nuclide has an
isomer (T1/2 = 150 ms) with a predicted excitation
energy of 300 keV [1]. We could not resolve the
ground state and isomeric state, thus, we have assigned
the line to the ground state and have accounted for
the possible isomeric contamination by adding the
predicted excitation energy asymmetrically to the final
uncertainty, see Table 1.
The neutron deficient end of the spectrum shows
rather poor statistics in terms of both, the umber of
nuclides observed as well as the number of particles
per nuclide. Nevertheless, the masses of 41Ti and
45Cr could be obtained using 11C, 15O, 40Sc and
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asymmetric uncertainties assigned to 45Cr originate
from the existence of an isomeric state at 100 keV and
a half-life of 1 ms [1].
The masses of nuclides far off stability play a cru-
cial role in a number of astrophysical processes such as
the rapid proton capture process (rp-process) or burn-
ing processes in crusts of accreting neutron stars. The
exotic nuclides which were investigated in this work
are within the path of the rp-process. In the rp-process
hydrogen is fused to heavier elements on the surface
of neutron stars accreting matter from the envelope
of a close companion star [4–8]. The released nuclear
energy is observable as type I X-ray bursts for ac-
cretion rates  10−8M yr−1 [22–25]. Most of the
ashes of the burning remain on the neutron star sur-
face, replace the original neutron star crust and deter-
mine therefore the thermal, mechanical, and electrical
crust properties. Proton separation energies and there-
fore nuclear masses of nuclides along the proton drip
line are important parameters, which determine path,
time-scale, and the final products of the rp-process.
Nuclear masses are therefore crucial for answering
questions risen by observations concerning X-ray bi-
naries such as X-ray burst light-curve variations, or,
related to the crust properties, the evolution of mag-
netic fields, the possibility of gravitational wave emis-
sion, and off-state radiation from transient systems.
Our knowledge of the exact path of the astrophys-
ical rp-process beyond scandium is uncertain to date
due to a lack of experimental proton separation en-
ergies. For the region up to nickel this is illustrated
in Fig. 3. The new mass values reported here pertain
to nuclides involved in this region that plays a critical
role during the rise of the X-ray burst. With the present
data a first step has been done to put the astrophysical
models of the rp-process on a solid basis as far as the
proton separation energies in this area are concerned.
To analyze the importance of the newly measured
masses on the path of the rp-process, we use the X-
ray burst model from Ref. [8]. The new masses were
used to recalculate (γ , p) reaction rates from (p, γ )
reaction rates with detailed balance. The exponential
dependence of the ratio of (γ , p) to (p, γ ) rates on
proton separation energy typically dominates the mass
dependence of rp-process calculations. We do not take
into account the Q-value dependence of the reaction
rates themselves. In the reaction library used forFig. 3. The reaction paths of the αp and rp-processes in the
Z = 17–28 element region calculated with the new mass data
obtained in this work using the X-ray burst model of Ref. [8]. Solid
lines mark rp-process reaction flows of more than 1% of the total
flow, dashed lines of 0.1% to 1%. The thick solid line denotes the
border of previously known masses, and the circles mark the nuclei
for which first experimental masses are reported in this Letter. The
grey squares indicate the stable nuclei.
this study these reaction rates were mostly calculated
with a statistical model and are therefore expected to
depend only weakly on the reaction Q-value [5].
As an example, we used the new reaction rates
to recalculate an X-ray burst for the same conditions
as in [8]. The resulting reaction flow integrated over
the complete X-ray burst is shown in Fig. 3. The
change of the main process path due to the newly
measured masses is small due to the fact that the
previously extrapolated masses agree well with the
values presented in this work. However, 49Fe and 45Cr
get smaller proton separation energies of 2.57 MeV
and 2.25 MeV (compared to 2.87 MeV and 2.85 MeV
with extrapolated values only). The flow through the
β-branch for 48Mn increases to 6% and for 44V to
7% which is about ten times higher compared to the
values one gets from the model in Ref. [8] with the
extrapolated mass values. The deviations between the
newly measured proton separation energies and the
previously used theoretical mass predictions are of
the order of our new error bars. We therefore expect
that the small changes in the rp-process reaction flow
found here are typical for the remaining uncertainties
due to the masses measured in this work. For a
more detailed understanding of the impact of the
improved mass data on X-ray burst observations, a
future analysis with multi-zone models and a larger
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only now become feasible in principle [26] and will
likely be performed in upcoming years.
In summary, we have shown that isochronous mass
measurements with FRS-ESR are a powerful method
to obtain precise mass values with uncertainties of
the order of 100 keV for exotic nuclei with life-
times in the order of a few milliseconds. A mass
resolving power of m/m(FWHM) = 110 000 was
achieved. The masses of 44V, 48Mn, 41Ti and 45Cr
were measured for the first time and allowed us
to test theoretical mass predictions. Our new mass
data only lead to small changes in the rp-process
in astrophysical X-ray burst models as they largely
confirm the previously employed theoretical mass
predictions. Nevertheless, with the use of experimental
data uncertainties have been greatly reduced and
our measurements are therefore an important step
towards more reliable rp-process calculations. Future
measurements will address the masses of neutron-rich
nuclides, in particular those involved in the r-process
of stellar nucleosynthesis, as these can be produced
efficiently by uranium projectile fission fragments
separated in-flight by the FRS [27].
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